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1  Wave  transmission  and  mooring-load  features 

were  tested  for  a  floating 
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breakwater  created  from  maspive  cylindrical  members  (steel  or  concrete  pipes, 
telephone  poles,  etc.)  in  a  matrix  of  scrap  truck  or  automobile  tires.  The 
Pipe-Tire  Breakwater  (PT-Breakwater)  was  tested  at  prototype  scale  using 
regular  waves  ranging  in  height  from  0.15  to  1.78  meters  and  period  from  2.6 

j  to  8.1  seconds;  water  depths  ranged  from  2.0  to  4 
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>tested — the  PT-1  module,  composed  of  steel-pipe  buoyancy  chambers  and  truck 
tires,  and  the  PT-2  module,  composed  of  telephone  poles  and  car  tires.  Each 
design  was  12.2  meters  wide  in  the  direction  of  wave  propagation  and  was  held 
together  by  conveyor-belt  loops.  Wave  attenuation  and  mooring-force  features 
were  established  based  on  data  from  402  separate  runs  in  which  incident  and 
transmitted  wave  heights  were  recorded,  along  with  the  tension  in  the  seaward 
mooring  line.  Test  results  are  compared  with  those  of  earlier  experiments 
made  on  the  Goodyear  floating  tire  breakwater.  The  construction  of  these  PT- 
Breakwater  modules  is  outlined,  along  with  the  cost  estimates  for  construction 
of  components.  A  breakwater  buoyancy  test  was  made  and  the  flotation  require¬ 
ments  calculated.  The  influence  of  stiffness  on  the  mooring  system  was  exper¬ 
imentally  investigated  and  conveyor-belt  material  tested  to  the  point  of 
failure.  Design  curves  for  determining  the  proper  anchor  requirements  and 
breakwater  size  are  given.  ? 

Apart  from  the  incident  wave  height,  the  transmitted  wave  height  and  peak 
mooring  force  are  shown  to  depend  primarily  on  four  dimensionless  parameters: 
the  relative  wavelength,  wave  steepness,  relative  breakwater  draft,  and 
breakwater  aspect  ratio.  The  wave  attenuation  performance  of  PT-Breakwaters 
improves  as  either  wavelength  or  water  depth  decreases,  or  the  wave  steepness 
increases.  The  shelter  afforded  by  a  particular  PT- Breakwater  is  strongly 
dependent  on  the  incident  wavelength,  L:  substantial  protection  is  provided 
from  waves  that  are  shorter  than  the  width,  B,  of  the  breakwater  but  very 
little  from  waves  longer  than  three  times  the  width  of  the  breakwater. 

The  wave  attenuation  performance  of  PT-1  was  found  to  be  superior  to 
that  of  PT-2  and  the  Goodyear  breakwater:  for  L/B  *  1  and  deep  water  with 
H/L  a  0.04;  for  example,  the  wave  height  transmission  ratios  are  approximately 
0.6,  0.4,  and  0.2  for  the  Goodyear,  PT-2,  and  PT-1  breakwaters,  respectively. 
For  the  conditions  investigated,  the  peak  mooring  force  increases  approxi¬ 
mately  with  the  square  of  the  wave  height,  more  precisely:  F  «  Hn  where 
n  -  1.5,  2  and  2  for  the  PT-1,  PT-2,  and  Goodyear  breakwaters,  respectively. 
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This  report  is  published  to  provide  coastal  engineers  the  results  of  a 
series  of  prototype-scale  tests  of  a  floating  breakwater  that  Incorporates 
massive  cylindrical  members  (steel  or  concrete  pipes,  telephone  poles,  etc.) 
in  a  matrix  of  scrap  truck  or  automobile  tires.  The  breakwater,  which  was 
developed  by  the  senior  author  while  serving  on  the  faculty  of  the  State 
University  of  New  York  at  Buffalo  (SUNY),  is  referred  to  as  the  Pipe-Tire 
Breakwater  ( PT- Breakwater ) .  Tests  were  conducted  in  the  large  wave  tank  at 
the  U.S.  Army  Coastal  Engineering  Research  Center  (CERC)  in  a  joint  effort  by 
CERC  and  SUNY  personnel.  The  work  was  carried  out  under  CERC's  Design  of 
Floating  Breakwaters  work  unit.  Coastal  Structure  Evaluation  and  Design 
Program,  Coastal  Engineering  Area  of  Civil  Works  Research  and  Development. 
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CONVERSION  FACTORS,  U.S.  CUSTOMARY  TO  METRIC  (SI)  UNITS  OF  MEASUREMENT 


U.S.  customary  units  of  measurement  used  in  this  report  can  be  converted  to 
metric  (SI)  units  as  follows: 


Multiply 

by 

To  obtain 

Inches 

25.4 

millimeters 

2.54 

centimeters 

square  inches 

6.452 

square  centimeters 

cubic  inches 

16.39 

cubic  centimeters 

feet 

30.48 

centimeters 

0.3048 

meters 

square  feet 

0.0929 

square  meters 

cubic  feet 

0.0283 

cubic  meters 

yards 

0.9144 

meters 

square  yards 

0.836 

square  meters 

cubic  yards 

0.7646 

cubic  meters 

miles 

1.6093 

kilometers 

square  miles 

259.0 

hectares 

knots 

1.852 

kilometers  per  hour 

acres 

0.4047 

hectares 

foot-pounds 

1.3558 

newton  meters 

millibars 

1.0197  x  10”3 

kilograms  per  square  centimeter 

ounces 

28.35 

grams 

pounds 

453.6 

grams 

0.4536 

kilograms 

ton,  long 

1.0160 

metric  tons 

ton ,  short 

0.9072 

metric  tons 

degrees  (angle) 

0.01745 

radians 

Fahrenheit  degrees 

5/9 

Celsius  degrees  or  Kelvins1 

1 lb  obtain  Celsius 

(C) 

temperature  readings 

from  Fahrenheit  (F)  readings, 

use  formula:  C  -  (5/9) 

(F  -32). 

To  obtain  Kelvin 

(K) 

readings,  use  formula: 

K  -  (5/9)  (F  -32)  +  273.15. 

SYMBOLS  AND  DEFINITIONS 

B  width  or  beam  of  breakwater  (dimension  in  direction  of  wave  motion) 

B/D  breakwater  aspect  ratio 

Ct  wave  height  transmission  ratio,  Ct  -  H^/H 

D  tire  diameter 

D/d  relative  draft 

d  water  depth 

F  peak  mooring  force  on  seaward  mooring  line  (per  unit  length  of 
breakwater) 

G  center-to-center  distance  between  pipes  of  PT-Breakwater 
g  gravitational  acceleration 
H  incident  wave  height 
H/L  wave  steepness 

transmitted  wave  height 
L  wavelength 
L/B  relative  wavelength 
T  wave  period 
Y  specific  weight  of  water 

e  horizontal  displacement  of  breakwater  from  equilibrium  position 

\  length  of  breakwater  (dimension  at  right  angles  to  direction  of  wave 
motion) 

v  kinematic  viscosity  of  water 
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WAVE  TRANSMISSION  AND  MOORING-FORCE  CHARACTERISTICS 
OF  PIPE-TIRE  FLOATING  BREAKWATERS 

by 

Volker  W .  Harms ,  Joannes  J»  Weeteririk , 

Robert  Sorensen,  and  James  E.  MoTamany 

I.  INTRODUCTION 

This  report  presents  methods  for  constructing  a  recently  developed  float¬ 
ing  breakwater  that  consists  largely  of  scrap  pneumatic-tire  casings,  and 
also  provides  basic  data  for  the  design  of  such  structures.  The  idea  of  con¬ 
structing  floating  breakwaters  almost  entirely  from  scrap  tires  was  originally 
conceived  two  decades  ago  by  R.L.  Stitt  and  resulted  in  a  patent  for  the  wave- 
maze  floating  tire  breakwaters  (Stitt,  1963;  Kamel  and  Davidson,  1968).  More 
recently,  this  concept  was  adapted  in  the  development  of  the  Goodyear  floating 
tire  breakwater  (Kowalski,  1974;  Candle,  1976).  Both  these  breakwaters 
are  flexible  in  all  directions  since  there  are  no  rigid  structural  members 
utilized.  The  Goodyear  module  differs  from  the  Wave-Maze  in  the  size  of  the 
tires  used  (automobile  as  opposed  to  truck  tires) ,  geometric  arrangement  or 
the  tires  (single-layer  upright  versus  triple-layer  "sandwich") ,  and  binding 
materials  and  techniques  used  (typically  conveyor-belt  loops  as  opposed  tb 
bolted-tlre  connections).  A  number  of  floating  breakwaters  of  both  types  have 
been  Installed  on  the  Great  Lakes,  the  east  and  west  coasts  of  the  United 
States,  and  overseas,  with  various  levels  of  success. 

Although  the  installation  of  floating  breakwaters  is  frequently  favored 
over  bottom-resting  structures  for  a  number  of  environmentally  related  reasons 
(e.g..  Impact  on  water  circulation,  fish  migrations),  the  principal  reason  for 
considering  floating  breakwaters  made  of  tires  is  their  relatively  low  cost. 
For  small  marinas  of  less  than  100  boat  slips,  floating  breakwaters  are  fre¬ 
quently  the  only  wave  protection  system  that  is  economically  feasible  with 
costs  ranging  from  $10  to  $100  per  horizontal  square  meter  of  breakwater.  At 
the  same  time,  it  must  be  recognized  that  floating  tire  breakwaters  provide 
less  wave  protection,  are  less  rugged,  and  have  lower  extreme  event  survival 
capabilities  than  conventional  bottom-resting  structures,  such  as  rubble-mound 
and  sheet-pile  breakwaters.  A  comparison  of  knowledge  acquired  from  field 
installations  and  prototype-scale  laboratory  tests  suggests  that  the  Goodyear 
and  Wave-Maze  floating  tire  breakwaters  should  be  limited  to  semi protected 
sites,  or  short  fetch  applications  (e.g.,  10  kilometers  or  less),  with  signif¬ 
icant  wave  heights  below  0.9  to  1.2  meters.  At  locations  with  severer  wave 
climates  (larger  wave  height  and  period),  several  limitations  have  been 
encountered  with  regards  to: 

(a)  Structural  Integrity.  The  response  behavior  of  wave-induced 
mooring  loads  increases  approximately  with  the  square  of  the  wave 
height.  While  under  severe  wave  action  the  following  problems  have 
been  encountered:  (1)  modules  connected  to  the  seaward  mooring  lines 
separate  because  of  excessive  loads,  (2)  anchors  fail  or  "walk” 
because  of  the  large  mooring  forces,  (3)  flotation  materia'',  is  lost 
from  individual  tires  because  of  the  excessive  stretching  and  twist¬ 
ing,  and  (4)  tire  connection  and  binding  materials  reach  their  fail¬ 
ure  limit. 
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(b)  Breakwater  Size .  As  with  all  breakwaters,  the  size  of  a 
floating  tire  breakwater  is  site  specific.  The  dimension  of  the 
breakwater  in  the  direction  of  wave  propagation  (width  or  beam)  must 
generally  be  at  least  as  large  as  the  locally  predominant  wavelength 
(design  wave) .  This  implies  that  a  very  large  breakwater  will  be 
required  at  sites  with  long  period  waves,  which  not  only  increases 
the  breakwater's  cost  but  also  may  not  be  feasible  because  of  space 
limitation. 

(c)  Buoyancy .  Portions  of  the  breakwater  configuration  may  begin 
to  sink  if  Individual  tires  lose  their  flotation  material  (e.g., 
caused  by  stretching  and  twisting  while  under  high  loads)  or  if  the 
structure  gains  too  much  weight  with  time  (caused  by  deposition  of 
suspended  sediments  in  the  tire  casings  or  excessive  marine  growth) . 

In  an  attempt  to  improve  on  the  design  characteristics  of  the  floating 
breakwaters  discussed  above,  another  wave  protection  concept  utilizing 
pneumatic  tire  casings  as  the  major  construction  material  has  recently  been 
developed  by  the  senior  author  at  the  State  University  of  New  York  at  Buffalo 
(Harms  and  Bender,  1978;  Harms,  1979a).  It  is  referred  to  as  the  Pipe-Tire 
Breakwater  (PT-Breakwater) ,  or  Harms  Breakwater,  and  is  basically  a  hybrid 
structure  with  massive,  rigid,  cylindrical  members  (e.g.,  steel  or  concrete 
pipes)  embedded  in  a  flexible  matrix  of  scrap  tires.  Experiments  performed 
with  several  small-scale  PT-Breakwater  models  (Harms,  1979b)  and  one  full- 
scale  breakwater  demonstrated  that  this  design  provides  significantly  more 

wave  protection  than  the  Goodyear  or  Wave-Maze  breakwaters  constructed  of 
equal  size.  These  early  laboratory  tests  also  suggested  that  a  full-scale 

PT-Breakwater  would  have  superior  extreme  event  survival  capabilities,  while 

preliminary  calculations  Indicated  that  costs  would  remain  low  enough  for  this 
wave  protection  system  to  be  economically  attractive. 

Because  of  the  PT-Breakwater' s  potential  contribution  to  low-cost  wave 
protection,  prototype-scale  experiments  over  a  wide  range  of  wave  conditions 
were  conducted  in  a  joint  test  program  between  the  State  University  of  New 
York  at  Buffalo  and  the  U.S.  Army  Coastal  Engineering  Research  Center  (CERC). 
Full-scale  tests,  which  are  the  subject  of  this  report,  were  conducted  in  the 
large  wave  tank  at  CERC.  Investigations  were  aimed  at  defining  the  wave 

transmission  and  mooring-force  characteristics  of  FT- Breakwaters ;  it  was  also 
Intended  that  structural  failure  modes  be  analyzed,  should  it  be  possible  to 
induce  them  within  the  range  of  wave  conditions  that  could  be  generated  in  the 
tank. 


Figures  1  and  2  provide  a  general  impression  of  a  floating  PT-Breakwater. 
This  field  installation  at  Mamaroneck,  New  York,  is  based  on  the  PT-1  module 
discussed  in  this  report;  it  is  constructed  of  truck  tires  with  steel  pipes 
serving  as  the  structural  members  and  flotation  chambers.  The  orientation  of 
the  pipes  with  respect  to  the  incident  wave  train  is  shown  in  Figure  3. 

II.  THE  PIPE-TIRE  BREAKWATER 

The  PT-Breakwater  is  basically  a  mat  composed  of  flexibly  interconnected 
scrap  tires,  floating  near  the  surface,  into  which  massive  cylindrical  members 
are  Inserted  to  provide  stiffness  in  the  direction  of  wave  motion  and  to  serve 
as  buoyancy  chambers.  Major  structural  features  of  the  PT-Breakwater  are 
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Figure  1.  PT-Breakwater  field  installation  (PT-1 
modules;  Mamaroneck,  New  York). 


Figure  2.  Typical  PT-Breakwater  module  with  tire 
armored  pipes  (Mamaroneck,  New  York). 


Figure  3.  Orientation  of  PT- Breakwater. 


(a)  densely  spaced  tires,  (b)  tire-armored  longitudinal  stiffeners  (frequently 
steel  pipes) ,  and  (c)  flexible  connections  and  binding  materials  (no  steel-to- 
rubber  connections).  The  orientation  of  the  pipes  with  respect  to  the  inci¬ 
dent  wave  train  is  shown  in  the  drawing  in  Figure  3,  with  major  structural 
features  of  the  breakwater  shown  in  the  module  schematic  in  Figure  4  and  the 
definition  sketch  in  Figure  5. 

1.  Breakwater  Modules  and  Components. 

Two  versions  of  the  PT-Breakwater ,  designated  as  the  PT-1  and  PT-2  mod¬ 
ules,  were  tested  in  the  large  wave  tank  at  CERC  (Fig.  6).  The  PT-1  module, 
which  is  the  most  massive  of  the  two  due  to  its  composition  of  truck  tires  and 
steel  pipes,  is  shown  in  the  foreground.  The  PT-2  module  is  constructed  from 
car  tires  and  used  telephone  poles.  From  the  detailed  drawing  of  the  PT-1 
module  (Fig.  4),  several  important  structural  features  of  the  breakwater 
emerge : 

(a)  A  series  of  parallel  conveyor-belt  loops  receive  all  lateral 
loads  (at  right  angles  to  the  direction  of  wave  motion),  supports  all 
tires  that  are  not  "riding"  on  the  pipe,  and  couples  one  module  to 
the  next. 

(b)  Have-induced  hydrodynamic  loads  are  ultimately  transferred 
from  tire  strings  to  the  tire-armored  steel  pipe.  This  takes  place 
in  stages.  Have  action  displaces  tire  strings  and  belt  loops  in  the 
direction  of  the  wave  motion  (along  the  pipe)  causing  the  pipe  tires 
to  slide  along  the  pipe  and  become  compressed  as  they  transfer  their 
load  to  the  tire  retainer  at  the  end  of  the  pipe  (Figs.  4  and  7). 

(c)  The  pipe  itself  effectively  floats  in  a  dense  matrix  of 
flexibly  connected  tires. 
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Figure  4.  Schematic  of  PT-1  breakwater  module. 


Figure  5.  Definition  sketch  for  PT-Breakwater 


The  tire  retainer  used  in  the  PT-1  module  is  shown  in  Figures  4  and  7.  In 
the  case  of  the  PT-2  module,  the  retainer  was  a  tire  casing  that  was  held  in 
place  by  a  1.9-centimeter  threaded  steel  rod  extending  through  the  telephone 
pole  and  casing. 

Standard  marine  steel-pile  pipes  were  utilized  as  buoyancy  chambers  and 
stiffeners  in  the  PT-1  module;  they  were  12.2  meters  long  and  41  centimeters 
in  diameter,  with  a  wall  thickness  of  0.71  centimeter.  Scrap  telephone  poles 
were  used  for  the  PT-2  module;  they  were  12.2  meters  long  with  a  diameter  of 
33  centimeters  at  the  butt  end  and  23  centimeters  at  the  tip. 


Truck  tires  ranging  in  size  from  9.00-18  to  10.00-20,  with  an  average 
diameter  of  102  centimeters  were  used  for  PT-1.  Car  tires  with  rim  sizes 
ranging  from  32  to  38  centimeters  were  used  for  PT-2;  the  average  diameter  was 
about  65  centimeters. 

A  three-ply  conveyor  belt  strip,  14  centimeters  wide  and  1.3  centimeters 
thick,  was  used  as  the  binding  material;  this  had  a  rated  breaking  strength  of 
7900  kilograms.  A  five-hole  bolted  connection  (Figs.  8  and  9)  was  used  to  tie 
the  belt  into  continuous  loops. 
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Figure  9.  Tire  mooring  damper  (six  tires  are  used  in  the 
MS-1  mooring  system  discussed  in  Sec.  111,2). 

2.  Construction  Procedures . 

The  floating  tire  breakwater  is  a  modular  construction  concept.  Hie  pro¬ 
cedures  followed  in  the  actual  construction  of  the  PT-1  modules  are  described 
in  this  section.  The  procedures  used  for  the  PT-2  modules  are  very  similar 
and  therefore  are  not  covered.  When  constructing  these  modules  onsite  and 
at  field  installations,  it  should  be  insured  that  a  crane  with  sufficient 
lifting  capacity  is  provided  as  the  two-pipe  PT-1  module  weighs  approximately 
11  metric  tons  and  the  PT-2  module  weighs  about  4  metric  tons. 

Assembly  of  the  breakwater  is  begun  by  arranging  the  tires  according  to 
the  pattern  shown  in  Figure  4  .but  leaving  out  those  tires  labeled  free  tires 
(l.e.,  all  tires  not  connected  in  some  way  to  a  belt).  This  phase  is  depicted 
in  Figure  10,  where  the  last  tire  is  just  being  rolled  into  place,  and  also  in 
Figure  11,  where  the  conveyor-belt  strips  are  being  prepared  by  cutting  to 
length  and  punching  the  five-hole  bolted  pattern  with  a  gasket  or  leather 
punch  (also  shown  in  Fig.  6) . 

Having  assembled  the  tires,  the  belts  are  then  guided  through  the  tire 
casing  according  to  the  pattern  shown  in  Figure  4.  An  illustration  of  this 
procedure  is  shown  in  Figures  12  and  13.  The  belt-to-belt  connection  is  then 
completed  by  overlapping  the  belt  ends  and  inserting  the  five  bolts  required 
for  each  connection  (see  Fig.  14).  A  single  bolt  is  used  to  fix  each  belt 
loop  to  the  sidewall  of  one  belt-loop  tire  (see  Figs.  15  and  4);  this  prevents 
the  belt  from  rotating  under  wave  action. 

After  all  the  belt  loops-  have  been  bolted  together  and  anchored,  the 
remaining  free  tires  are  rolled  into  place.  The  unit  is  then  ready  for  inser¬ 
tion  of  the  pipe.  One  forklift  is  used  to  raise  the  pipe  and  position  it  for 
entry  into  the  long  tunnel  created  by  the  56  alined  tires;  a  second  forklift, 
or  similar  device,  pushes  and  alines  the  pipe  as  required.  This  having  been 
accomplished,  the  module  appears  as  shown  in  Figure  6.  The  tire  retainer 
shown  in  Figure  7  (or  the  one  depicted  in  Fig.  8)  is  then  installed  at  each 
end  of  the  pipe,  and  the  PT-1  module  is  ready  to  be  lifted  into  the  water  (see 
Fig.  16). 
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Figure  12.  Guiding  conveyor-belt  atrip  through  tire  casings 


Figure  13.  Tensioning  belt  before  completing  belt-to-belt  connection 


Figure  16.  PT-1  nodule  ready  for  lift  Into  wave  tank. 


Breakwater  Buoyancy. 


a.  Pipe  Buoyancy  Teat.  A  simple  buoyancy  teat  was  executed  by  resting 
steel  1-beans  on  top  of  one  of  the  tlre-amored  pipes  of  the  PT-1  nodule  until 
total  subnergence  was  attained  (l.e.,  crown  of  tires  just  at  the  water  sur¬ 
face,  case  B  In  Fig.  17).  Starting  fron  the  static,  no-load  equlllbrlun 
position  of  the  breakwater  (l.e.,  crown  of  pipe  at  water  level  and  Interior 
of  the  tire  vented  to  atnosphere,  case  A),  two  steel  l-beans,  each  10.7  neters 
long  and  weighing  98  kllograns  per  neter,  were  placed  onto  the  tlre-amored 
pipe.  These  beans  provided  the  loading  needed  to  attain  total  subnergence  of 
the  pipe-tire  unit.  In  each  case,  equlllbrlun  denands  that 


where 


F  +  n(Wta  +  Wt„)  +  Fe  -  Fp  +  nF# 

-  added  external  load 

-  extraneous  loads  (fron  noorlng  systen,  etc.) 

-  buoyancy  force  per  tire  due  to  entrapped  air 

-  net  buoyant  force  due  to  pipe  (lift  minus  weight) 

-  weight  of  tire  segment  submerged  in  water 

-  weight  of  tire  segnent  in  air 

-  number  of  tires  on  pipe 


case  A 


/% 


'J  tF- 


Figure  17.  Forces  on  pipe-tire  unit. 


In  this  case  the  pipe  is  12.2  meters  long  (41-centimeter  outside  diameter 
and  70.2-kilogram-per-meter  weight  in  air),  provides  a  net  lift  of  59.5  kilo¬ 
grams  per  meter  when  totally  submerged,  and  supports  49  truck  tires.  Truck 
tires  have  a  specific  gravity  of  approximately  1.2  with  a  weight  of  VLa  *  41 
kilograms  in  air  for  the  sizes  predominantly  used  (i.e.,  10.00-20  and  9.00-18 
truck  tires).  Submerged  in  water  this  weight  is  reduced  to  approximately  one- 
sixth  of  Wta,  or  6.8  kilograms  if  all  air  is  expelled.  Applying  these  val¬ 
ues  to  case  A  (which  corresponds  to  F  ■  Ffl  -  0  and  approximately  three-fourths 
of  tire  material  submerged)  and  using  equation  (1),  it  follows  that  the  extra¬ 
neous  load  is  a  small  lift  force  of  26  kilograms,  (i.e.,  Fe  -  -26  kilograms). 
When  the  external  load  F  is  applied  (case  B),  the  buoyancy  force  resulting 
from  air  entrapped  in  each  tire  may  be  calculated  from  equation  (1)  to  be: 


10.7(196)  +  49(0  +  6.8)  +  (-26)  -  12.2(59.5)  +  49Fa 


34.2  kilograms  per  tire 


On  an  average,  this  implies  that  34  liters  of  air  is  trapped  in  the  crown 
of  each  tire.  It  is  not  known  at  what  rate  this  trapped  air  would  escape 
under  static  conditions;  during  wave  action  the  tire  crown  would  be  alter¬ 
nately  vented  and  replenished  with  air.  In  determining  the  flotation  require¬ 
ments  for  the  complete  structure,  the  weight  of  suspended  sediments  that  may 
accumulate  in  the  tire  casings  as  well  as  the  influence  of  marine  growth 
should  be  considered. 


b.  Equilibrium  of  Breakwater .  The  load-carrying  capacity  of  the  break¬ 
water  must  be  carefully  considered,  particularly  in  areas  where  the  weight  of 
the  breakwater  is  likely  to  Increase  substantially  with  time  due  to  deposition 
of  suspended  sediments  within  the  tire  casings,  biofouling,  etc.  In  extreme 
cases,  all  the  tires  may  have  to  be  foamed  to  provide  adequate  reserve  buoy¬ 
ancy,  whereas  at  other  sites  the  lift  provided  by  the  steel-pipe  flotation 


chambers  alone  is  sufficient.  Equation  (1)  may  be  used  to  estimate  the 
reserve  buoyancy  provided  by  a  clean  single-pipe  PT-1  module  if  some  terms 
are  redefined: 

F  «  Fgerj  -  sediment  and  biofouling  load  (per  tire) 

Fe  -  extraneous  load  (from  binding  material,  tire  retainers,  pipe  end 

caps,  shackles,  etc.) 

Fg  -  buoyancy  force  due  to  entrapped  air  (for  each  tire  not  foamed) 

Fj  -  buoyancy  force  due  to  submersed  foam  (for  each  tire  that  is  foamed) 

n  -  number  of  tires  per  module 

m  -  number  of  tires  foamed  (per  module) 

This  leads  to 

nF8ed  +  "Wtw  +  Fe  -  F  +  (n  -  m)  Fa  +  mFf 

(2) 

r..d  -  <p«  -  »«>  ♦(£)  <fp  -  V  *(l)  <Ff  -  p«> 

Using  the  following  approximate  values  and  estimates  for  the  PT-1  module: 

Fe  -  220  kilograms 

Fp  -  (60  kilograms  per  meter)  (12  meters)  -  720  kilograms 

Wtw  "  7  kllograms 

Ffl  -  17  kilograms  (50  percent  of  value  from  buoyancy  test) 

Ff  -  34  kilograms  (crown  fully  foamed,  34  liters) 

n  »  176  tires 


to  obtain 


Fsed  -  07  -  7)  (72°  "  280)  +(^)(3A  "  17) 

Fsed  -  i:  17  (kilograms  per  tire) 


|  (kilograms  per  tire) 
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The  following  examples  demonstrate  the  increased  load-carrying  capacity 
when  foam  is  added  to  the  tires: 

(a)  Example  1.  If  none  of  the  tires  are  foamed,  m  *  0  and  m/n  - 
0  in  equation  (3)  so  that  Fged  -  13  kilograms  per  tire.  Therefore,  a 
weight  increase  of  approximately  13  kilograms  per  tire  can  be  accom¬ 
modated  before  the  breakwater  starts  to  submerge. 

(b)  Example  2.  If  all  the  tires  are  foamed,  m  *  n  and  m/n  -  1 
above  so  that  Fged  -  30  kilograms  per  tire.  In  this  case,  each  tire 
can  carry  approximately  30  kilograms  of  additional  load  for  a  total 
reserve  buoyancy  of  about  5300  kilograms  per  single-pipe  module. 

4.  Cost  Estimates. 

Major  construction  components  for  the  PT-1  module  and  their  respective 
costs  as  of  mid-1980  are  listed  in  Table  1.  It  should  be  noted  that  the  steel 
pipe  accounts  for  nearly  60  percent  of  the  total  cost.  Therefore,  substantial 
savings  are  possible  if  used  pipe  can  be  purchased,  which  was  done  for  the 
floating  breakwater  at  the  Mamaroneck  site  where  used  dredge  pipe  was  obtained 
at  a  fraction  of  the  cost  indicated  in  Table  1.  As  a  precautionary  measure, 
steel  pipe  should  be  filled  with  foam  before  the  end  caps  are  welded  into 
place.  The  total  component  cost  amounts  to  $19.60  per  square  meter  of 
breakwater . 


Table  1. 

Cost  estimates  of  PT 

-Breakwater 

components. 

Module  dimensions 

Materials: 

:  3.7  by  12.2  m  (B  -  12.2  m) 

Truck  tires  (9.00-18  and  10.00-20) 

Steel  pipe  (41-cm-diameter  steel-pile  pipe) 
Conveyor-belt  material  (three-ply,  14  by  1.3 
Nylon  bolts,  washers,  and  nuts  (13  mm) 

cm) 

Item 

Quantity 

Unit  cost 

Total  cost 

Cost/m2 

Steel  pipe 

12.2  m 

$43.00 

$524.60 

$11.60 

Polyurethane  foam 
(pipe  plus  20  percent 

2.4  m3 

of  tires) 

75.00 

180.00 

4.00 

Tying  material 
(conveyor  belt) 

94  m 

1.15 

108.10 

2.40 

Tires 

(transportation  cost) 

176 

0.25 

44.00 

Nylon  bolts,  washers, 

and  nuts  80 

0.35 

28.00 

Cost  of  breakwater  $19.60 

(excluding  mooring  system  and  assembly) 


Assembly  and  launching  procedures  should  be  carefully  considered  and 
planned  In  advance  so  as  to  take  full  advantage  of  cost-saving  site  condi¬ 
tions.  Since  the  anchoring  system  can  be  very  costly,  alternatives  should  be 
carefully  Investigated  (e.g.,  the  use  of  anchor  piles  may  be  less  costly  than 
concrete  clump  anchors  or  steel  embedment  anchors,  depending  on  availability 
of  pile-driving  equipment  and  geotechnical  conditions). 

III.  EXPERIMENTAL  SETUP  AND  PROCEDURES 

1.  Test  Facility  and  Instrumentation. 

a.  Wave  Tank.  Experiments  were  conducted  in  CERC's  large  wave  tank  which 

is  194  meters  long,  4.6  meters  wide,  and  6.1  meters  deep.  The  tank  was  oper¬ 
ated  at  two  water  depths,  2.0  and  4.7  meters,  using  regular  waves  ranging  in 
period  from  2.6  to  8.1  seconds  and  height  from  0.15  to  1.78  meters.  A  sche¬ 
matic  of  the  wave  tank  operating  with  a  piston-type  wave  generator  at  one  end 
and  a  relatively  Ineffective  rock  revetment  wave  energy  dlssipator  at  the 
other  end  is  shown  in  Figure  18.  The  breakwater  at  high  and  low  water  is 

shown  in  Figures  19  to  23. 

b.  Wave  Gage .  Two  Marsh  McBirney  voltage-gradient  water  level  gages 
(Model  100)  were  used  to  measure  incident  and  transmitted  waves.  The  waves 
were  calibrated  twice  daily  over  a  range  of  2.0  meters  by  manually  lowering 
and  raising  the  wave  staff.  The  output  was  recorded  on  a  six-channel  Brush 
oscillographic  recorder. 

c.  Force  Gage.  Loads  on  the  seaward  mooring  line  were  measured  by  a 

single  force  gage  located  above  the  tank  near  the  wave  generator.  The  force 
gage  consisted  of  a  cantilevered  steel  plate  with  strain  gages  mounted  near 
its  base,  as  shown  in  Figure  24.  The  strain  gages  formed  two  arms  of  a  full 
Wheatstone  bridge  that  was  driven  at  carrier  frequencies.  The  sensitivity  of 
the  force  gage  could  be  varied  over  a  broad  range,  not  only  electronically  but 
also  mechanically,  by  varying  the  mooring-cable  attachment  point  on  the  can¬ 
tilever  (Fig.  24).  The  force  gage  was  generally  calibrated  before  and  after 

each  test  (one  wave  generator  stroke  setting)  by  applying  a  series  of  loads 

to  the  cantilever  using  a  mechanical  load  tightener  ( come-along )  and  a  2270- 
kilogram  dial  force  gage.  The  electrical  output  was  displayed  on  the  six- 
channel  Brush  oscillographic  recorder;  typical  calibration  curves  are  shown  in 
Figure  25. 
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Figure  18.  Large  wave  tank  at  CERC  with  breakwater  and  MS-1  mooring  system 


23.  Attachment  of  seaward  mooring  line  (MS-1  mooring  system) 


strain-gage-cantilever  steel  beam  across 

UNIT  WAVE  TANK 

- CANTILEVER  FORCE  GAGE - 

Figure  24.  Straln-gage-cantilever  force  gage. 
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Figure  25.  Force  gage  calibration  record  and  curve. 

2.  Mooring  System. 

The  basic  mooring-line  arrangement  uaed  throughout  the  teat  program  is 
shown  in  Figure  18.  The  flooring  lines  were  6-mlllimeter-diameter  wire  rope, 
except  for  two  removable  segments  6  meters  long  that  are  labeled  tire  mooring 
damper  as  shown  In  Figure  18  and  In  more  detail  in  Figure  9.  These  sections 
were  installed  in  order  to  determine  whether  a  pliant  moorlng-llne  insert  such 
as  the  six- tire  mooring  damper  could  significantly  reduce  peak  mooring  forces. 
Should  a  relatively  "soft"  mooring  system  be  desirable,  it  may  be  achieved  by 
Installing  a  tire  mooring  damper.  The  shoreward  mooring  bridle  was  always 
attached  directly  to  the  steel  pipes;  no  moorlng-llne  inserts  were  used  on 
this  side  of  the  breakwater.  On  the  seaward  side  the  mooring  bridle  was 
most  often  attached  to  the  steel  pipe  with  cables  connected  to  shackles 
extending  through  the  pipe  wall.  An  exception  to  this  Is  the  third  mooring 
system  tested  in  which  the  mooring  bridle  was  attached  to  the  breakwater  via 
conveyor-belt  loops  that  were  laced  through  two  tires  armoring  the  pipe.  In 
this  case  the  moorlng-llne  forces  are  first  transmitted  to  those  two  tires, 
then  transmitted  to  the  pipe  itself  after  the  tires  have  shifted  some  distance 
along  the  pipe  and  encountered  the  compressive  resistance  of  the  other  tires 
restrained  by  the  retainer  at  the  end  of  the  pipe  (Fig.  7). 

The  following  mooring  configurations  were  tested  (major  features  are 
listed  in  Table  2) : 

( 1 )  Damper  Pipe  Connection  (MS-1).  In  this  module  the  tire 
mooring-force  dampers  are  installed  and  the  mooring  bridle  is  con¬ 
nected  directly  to  the  pipes  (soft  line,  hard  connection)  (see  Figs. 

18,  23,  and  26). 
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Table  2.  Goapliance  of  mooring  aysteaa. 


Mooring  system 


Type  of  mooring-line  insert1 


Type  of  breakwater  connection 


MS-1 

MS-2 

Tire 

Belting 

(80ft) 

(hard) 

Pipe 

Pipe 

(hard) 

(hard) 

3 

1 

Mooring  line  stiffness  (ranked) 


1  Inserts  are  6  aeters  long;  belting  is  in  the  fora  of  a  loop 
(used  double  strength)  with  elongation  characteristics  under 
load  approximately  equal  to  that  of  wire  rope  used. 


Figure  26.  Mooring  bridle  used  in  field  installation. 


(2)  No-Damper  Pipe  Connection  (MS-2).  In  this  module  the  mooring 
bridle  remained  attached  to  the  pipes  but  the  mooring-force  damper  was 
removed  and  replaced  with  a  conveyor-belt  loop  of  equal  length.  The 
load  elongation  characteristics  of  the  conveyor-belt  loop  are  similar 
to  those  of  the  wire  rope  used  (hard  line,  hard  connection)  (Fig.  27). 

(3)  No- Damper  Tire  Connection  (MS-3).  In  this  module  the  conveyor- 
belt  loop  remained  in  place,  but  connection  to  the  breakwater  was  made 
by  guiding  the  belt  around  two  tires  located  on  each  pipe.  In  the 
PT-I  module,  tires  numbered  9  and  10  were  used  for  this  purpose;  in 
the  PT-2  module,  tires  numbered  15  and  16  were  used  (hard  line,  soft 
connection) . 
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Figure  27.  Load  elongation  curves  for  mooring-line  Inserts. 


A  stress-strain  diagram  for  the  conveyor  belt  with  a  five-hole  bolted  connec¬ 
tion  Is  shown  In  Figure  28.  The  strain  values  are  Influenced  by  the  connec¬ 
tion  Itself  (i.e.,  elongation  of  the  boltholes  Is  being  measured  along  with 
any  stretching  of  the  belt).  The  belt  failed  at  a  load  of  2270  kilograms,  not 
at  the  five-hole  bolted  connection  but  at  the  transition,  where  the  belt  had 
to  be  reduced  In  width  from  14.3  to  8.9  centimeters  In  order  to  fit  into  the 
testing  machine. 

Force  displacement  relationships  for  MS-1  and  MS-2  were  obtained  by  ten¬ 
sioning  the  Insert,  using  a  large  dump  truck,  and  determining  deflection  and 
force,  using  a  measuring  tape  and  a  dial  force  gage.  The  results  are  plotted 
in  Figure  27.  Corresponding  relationships  for  MS-3  were  not  determined,  but 
observations  indicate  that  the  elastic  properties  of  MS-3  are  between  those  of 
MS-2  and  MS-1. 

A  mooring  bridle  utilising  both  truck  and  automobile  tires  is  shown  In 
Figure  26.  This  unit  ms  not  tested  at  CERC;  however,  it  has  been  used  In 
field  Installations. 


3.  Test  Procedure  and  Conditions. 


This  experimental  program  is  limited  to  two  designs,  the  PTV1  and  PT-2 
modules,  and  two  water  depths,  2.0  and  4.7  meters.  The  summary  of  the  test 
conditions  shown  in  Table  3  lists  one  other  breakwater  deslgn—the  PT-DB  mod¬ 
ule;  this  design  is  simply  a  PT-1  breakwater  that  has  been  lengthened  In  the 
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Figure  28.  Stress-strain  diagram  for  belt  connection 


Table  3.  Summary  of  test  conditions. 


Braakvatar  No.  of  Hi  tor  Mooring  Conors tor  Uaaa  height  Uhvo  period 
Type  Boon  runs  depth  ayiten  stroke 


•troka 

(cm) 

(cm) 

(•) 

61 

to 

213 

13 

to 

113 

2.6 

to 

8.1 

61 

to 

168 

A2 

to 

178 

2.6 

to 

8.0 

61 

to 

132 

32 

to 

132 

2.6 

to 

8.1 

61 

to 

122 

30 

to 

130 

2.6 

to 

8.1 

61 

to 

122 

18 

to 

110 

2.6 

to 

8.1 

61 

to 

122 

30 

to 

130 

2.6 

to 

8.1 

61 

to 

122 

28 

to 

132 

2.6 

to 

8.1 

shoreward  direction  by  flexibly  attaching  the  PT-2  module  by  use  of  conveyor- 
belt  loops.  Data  for  the  PT-DB  configuration  are  listed  in  Appendix  A. 
The  PT-1  module  was  tested  with  three  different  mooring  systems  and  was,  in 
general,  emphasized  In  the  experimental  program.  Out  of  402  runs  tested,  290 
were  devoted  to  the  PT-1  breakwater.  Wave  heights  ranged  from  0.15  to  1.78 
meters,  with  wave  periods  ranging  from  2.6  to  8.1  seconds;  the  wave  generator 
stroke  varied  from  0.61  to  2.13  meters. 


With  the  breakwater  floating  in  the  wavs  tank  and  attached  to  the  mooring 
system,  test  preparations  were  generally  initiated  each  day  by  adjusting  the 
water  level,  calibrating  the  wave  and  force  gages,  and  checking  the  stroke 


setting  of  the  wave  generator.  The  generator  was  adjusted  to  the  desired 
frequency,  started,  and  waves  generated  for  about  5  minutes;  this  constituted 
a  run.  After  shutdown  of  the  wave  generator,  a  necessary  waiting  period 
followed  in  order  to  regain  quiescent  conditions  in  the  wave  tank.  When  these 
conditions  were  attained,  waves  of  another  frequency  were  generated  and  this 
process  was  repeated  until  all  the  desired  wave  periods  for  that  stroke 
setting  were  obtained;  this  process  constituted  a  test.  One,  and  sometimes 
two,  tests  were  completed  per  day,  and  the  generator  stroke  was  changed  in  the 
afternoon  so  that  a  new  test  could  be  started  the  following  morning.  Wave  and 
force  gages  were  calibrated  both  at  the  beginning  and  end  of  each  day's 
testing  (and  sometimes  more  frequently). 


IV.  DATA  REDUCTION  AND  ANALYSIS 
1 .  Dimensional  Analysis. 

For  a  particular  breakwater  and  mooring  system,  the  transmitted  wave 
height,  Ht,  may  be  expressed  as  a  function  of  the  following  variables: 


where 


-  f(H,L,  B,D,G,X,m,  k,e,  d,y,v,g) 


e  -  horizontal  excursion  of  the  breakwater  from  its  equilibrium  position 

k  -  measure  of  mooring-system  stiffness  (equivalent  spring  constant  per 
unit  length,  X) 

m  -  mass  of  breakwater  (per  unit  length,  X) 

Y  -  specific  weight  of  water 
v  -  kinematic  viscosity  of  water 
g  ”  gravitational  acceleration 

The  remaining  terms  are  defined  in  the  definition  sketch  (Fig.  5).  Since 
this  expression  contains  three  dimensionally  Independent  physical  variables 
(length,  mass,  time),  this  relationship  involving  14  physical  variables  may  be 
replaced,  according  to  Buckingham's  x-Theorem,  by  one  involving  11  dimension¬ 
less  groups: 


wave  transmission  ratio,  Ct 
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Delete  the  following  paraseters  for  the  stated  reasons: 


Only  quasi-two-dlmensional  experiments  will  be 
considered  (l.e.,  diffraction  effects  are 
absent  when  the  breakwater  extends  across  the 
full  width  of  the  tank). 


This  is  the  ratio  of  mooring-system  static 
restoring  force  to  structure  weight  and  is  not 
changed  during  the  experiment. 


Assumed  to  be  a  weak  parameter  that  is  of 
little  importance  for  small  values  of  e/H 
(l.e.,  for  horizontal  motions  of  the  structure 
that  are  small  compared  to  the  wave  height). 


This  parameter  relates  the  mass  of  fluid  dis- 
**  placed  by  the  breakwater  to  the  mass  of  the 

breakwater  itself.  It  would  remain  constant 
for  geometrically  similar  breakwaters  con¬ 
structed  from  the  same  materials. 

( T  / (~V^  /  TM®  Reynold's  number  is  based  on  the  tire 
v  '  diameter  and  a  velocity  that  is  related  to  the 

maximum  wave-induced  water  particle  velocity; 
it  will  be  assumed  large  enough  to  insure 
Reynold's  number  independence. 


By  eliminating  the  above  dimensionless  groups,  the  following  is  obtained 
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This  is  Che  relationship  on  which  the  experimental  program  was  based. 
Similarly,  consider  the  mooring-force  relationship  to  be 

F  ■  f(H,Ht ,L,  B,D,G,X,m,  k,e,  d,y,v,g) 

and,  by  similar  reasoning,  obtain 


/L  H  D  B\ 
\B  *  L  '  d  *  D/ 


2.  Data-Reductlon  Procedures. 


Analog  signals  from  the  wave  gages  and  force  transducer  were  recorded  on 
three  channels  of  a  six-channel  Brush  oscillographic  recorder.  Typical 
records  of  the  seaward  mooring-line  force  and  the  incident  and  transmitted 
waves  are  reproduced  in  Figures  29  to  32. 

Wave  reflections  from  the  steep,  rock-armored  beach  at  the  end  of  the  wave 
tank  (Fig.  18)  were  an  annoyance,  particularly  for  the  longer  waves  generated. 
The  incident  and  transmitted  wave  heights  were  therefore  generally  obtained 
from  the  first  5  to  10  waves  in  the  run  (l.e.,  before  wave  reflections  could 
substantially  influence  wave  height  measurements.  Beach  reflections  were 
particularly  bothersome  when  generating  waves  of  low  steepness  and  of  periods 
larger  than  about  5  seconds. 


From  the  force  gage  records  it  can  be  seen  that  the  seaward  mooring  load 
fluctuates  with  the  passage  of  each  wave  between  a  maximum  value,  which  varies 
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Figure  32.  Wave  and  force  record  for  shallow-water  waves  (d  ■  2.0  m, 

T  -  5.5  s). 

throughout  the  run,  and  a  minimum  value,  which  remains  essentially  constant. 
The  individual  force  peaks  occur  as  the  breakwater  surges  shoreward  during 
the  passage  of  each  wave  crest,  but  is  prevented  from  moving  too  far  in  this 
direction  by  the  mooring-line  restraint.  On  the  other  hand,  the  seaward 
movement  of  the  breakwater  is  not  similarly  opposed,  since  no  force  cantilever 
was  Installed  on  the  leeward  side  of  the  breakwater.  Instead,  only  a  constant 
negative  restoring  force  or  preload  of  approximately  113  kilograms  was  exerted 
on  the  breakwater  via  the  shoreward  mooring  line  and  pulley-weight  arrangement 
shown  in  Figure  18.  The  zero-force  reference  position  recorded  at  the  begin¬ 
ning  of  each  run  always  corresponds  to  this  static  preloaded  condition  of  the 
cantilever  force  gage.  Negative  force  values  up  to  the  magnitude  of  this 
preload  can  consequently  be  obtained  as  the  breakwater  surges  seaward;  these 
constitute  the  stable  lower  limit  of  the  force  records. 

A  time-series  analysis  of  the  force  data  was  not  performed  because  the 
experiments  were  limited  to  regular  waves  and  because  the  level  of  effort 
required  did  not  make  it  feasible.  For  practical  purposes,  each  force  record 
is  therefore  characterized  by  a  single  force  value  that  is  considered  most 
useful  for  design  purposes — the  peak  force,  F,  occurring  during  the  length 
of  record  (excluding  wave  generator  start-and-stop  transients,  which  have  no 
counterpart  in  nature).  Typically,  this  implies  that  the  first  5  to  10  waves 
were  not  Included  in  the  analysis,  nor  were  those  last  waves  propagating  down 
the  tank  after  shutdown  of  the  wave  generator.  Each  run  consists  of  at  least 
50  waves.  In  addition  to  the  peak  mooring  force,  F,  an  approximation  to  the 
drift  force,  F,  _is  also  obtained,  as  is  the  significant  peak  force,  Fg. 
The  drift  force  F  is  the  net,  time-averaged  force  acting  on  the  seaward 
mooring  line;  it  was  determined  "by  eye"  as  shown  in  Figure  33  and  is  there¬ 
fore  subject  to  larger  errors.  The  significant  force,  Fs,  represents  the 
average  of  the  largest  one-third  of  the  force  peaks,  again  excluding  stop-and- 
start  transients;  it  is  obtained  manually,  directly  from  the  data  trace. 


If  stop-and-start  transients  are  Included  in  the  determination  of  the  peak 
mooring  force,  as  has  been  done  by  other  investigators  (Giles  and  Sorensen, 
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Figure  33.  Definition  sketch  for  force  analysis. 

1978),  the  difference  between  F  and  this  peak  force  is  frequently  small,  but 
on  the  other  hand  can  be  quite  large  as  shown  in  Appendix  B.  In  that  appendix 
the  peak  mooring  force,  F,  is  also  compared  to  the  significant  peak  force, 
Fg ,  for  a  large  number  of  the  tests. 

The  cantilever  force  gage  is  calibrated  at  least  once  at  the  beginning  and 
ending  of  each  day's  testing;  if  zero  drifts  are  observed,  it  is  calibrated 
more  frequently.  Calibration  is  accomplished  manually  via  a  separate  cable 
with  mechanical  load  tightener  and  2270-kilogram  dial  force  gage  in  series, 
attached  close  to  the  cantilever.  A  typical  calibration  record  is  shown  in 
Figure  25.  The  force  values  are  always  referenced  to  the  static  no-load 
condition  (i.e.,  with  pully  preload  but  no  waves). 

V.  EXPERIMENTAL  RESULTS 


1 .  Wave  Transmission  Data. 

For  each  breakwater  configuration  and  water  depth,  the  transmitted  wave 
height  depends  primarily  on  the  width  of  the  structure  and  the  Incident  wave¬ 
length  (or  period)  and  wave  height.  Dimensional  analysis  and  physical  insight 
were  invoked  in  Section  IV  to  arrive  at  dimensionless  parameters  that  would 
describe  the  problem  more  succinctly  and  clearly  and  would  also  guide  the 
experimental  effort  and  analysis  of  the  results.  This  evolved  in  the  presen¬ 
tation  of  the  data  in  the  format  shown  in  Figure  34.  The  wave  height  trans¬ 
mission  ratio,  Ct  -  H^/H,  is  presented  as  a  function  of  relative  wavelength 
L/B,  with  different  symbols  designating  ranges  of  wave  steepness  H/L.  These 
are  the  primary  parameters.  The  secondary  parameters  are  listed  in  the  insert 
of  each  figure.  These  parameters  specify  the  water  depth  (relative  depth, 
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Figure  34.  Wave  transmission  data  for  PT-1  breakwater  (d  -  4.7  m). 

D/d)  and  breakwater  geometry  (aspect  ratio,  B/D,  and  pipe  spacing,  G/D). 
For  design  purposes,  the  transmission  characteristics  of  each  breakwater  are 
summarized  in  the  form  of  a  single  wave  height  transmission  curve.  This  curve 
corresponds  to  a  wave  steepness  of  H/L  -  0.04  (a  moderate  value  frequently 
encountered  in  practice)  and  different  values  of  D/d.  Although  much  data 
have  been  obtained  at  wave  steepness  other  than  0.04,  indicating  that  the 
transmission  ratio,  Ct,  generally  decreases  with  increasing  wave  steepness, 
the  available  data  are  not  adequate  for  defining  transmission  curves  for  wave 
steepness  other  than  0.04.  Nevertheless,  the  influence  of  wave  steepness  has 
been  preserved  to  a  large  extent  by  grouping  the  data  according  to  steepness 
categories;  in  Appendix  C  the  value  of  H/L  is  actually  listed  next  to  each 
data  point.  Appendix  C  should  be  particularly  useful  for  design  cases  with 
wave  steepness  near  the  extremes  encountered  in  nature,  either  high  or  low 
(e.g.,  H/L  larger  than  0.08  or  less  than  0.02),  since  deviations  from  the  4- 
percent  design  curve  may  then  become  significant.  The  wave  transmission  data 
in  Appendix  C  have  also  been  segregated  with  respect  to  the  type  of  mooring 
system  Installed,  but  it  was  found  that  this  had  no  discernible  influence  on 
wave  transmission  characteristics.  It  is  therefore  permissible  to  combine  the 
data  for  all  of  the  mooring  systems  as  has  been  done  in  Figure  34. 

a.  PT-1  Breakwater.  Wave  transmission  data  for  the  PT-1  module  (truck 
tires,  steel  pipe)  are  shown  in  Figures  34  and  35  for  two  water  depths.  D/d  ■ 
0.22  and  0.51.  In  both  cases  the  transmission  ratio,  Ct,  increases  mono- 
tonically  with  relative  wavelength  L/B.  The  breakwater  is  very  effective 
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Figure  35.  Wave  transmission  data  for  PT-1  breakwater  (d  *  2.0  m). 

in  filtering  out  waves  that  are  shorter  than  the  width  of  the  structure,  but 
becomes  increasingly  less  effective  as  the  wavelength  increases.  It  is  evi¬ 
dent  that  the  breakwater  is  significantly  more  effective  at  the  lower  depth, 
particularly  for  longer  waves.  The  Influence  of  water  depth,  or  relative 
draft  D/d,  becomes  particularly  apparent  in  Figure  36  where  the  transmission 
curves  are  compared. 


Figure  36.  Wave  transmission  design  curves  for  PT-1  breakwater 


The  influence  of  rave  steepness  Is  most  readily  detectable  for  longer 
waves  (e.g.,  L/B  larger  than  2)  and  may  be  important  at  low  water  depths. 
For  L/B  -  2.9  and  D/d  *  0.51  (Fig.  35),  the  value  of  Ct  decreases  dramati¬ 
cally  from  0.9  to  0.4  as  H/L  increases  from  0.007  to  0.028  (refer  also  to 
Fig.  C-7  in  App.  C).  The  data  in  Figures  34  and  36  apply  to  the  PT-1  module, 
which  has  a  pipe  spacing  of  G/D  -  3.3,  aspect  ratio  of  B/D  -  12,  and  beam 
B  »  12.2  meters.  These  conditions  may  not  be  altered  greatly  without  also 
influencing  the  wave  transmission  characteristics.  For  example,  the  design 
curves  of  Figure  36  may  not  apply  to  a  structure  with  a  much  larger  beam, 
e.g.,  B  -  24  meters  (l.e.,  or  B/D  -  24).  Until  further  data  on  the  importance 
of  B/D  are  obtained,  it  is  suggested  that  the  PT-1  wave  transmission  design 
curves  of  Figure  36  be  limited  to  beam  dimensions  in  the  range  from  9  to  15 
meters.  Such  information  has  been  recently  provided  in  Harms,  Bishop,  and 
Westerink,  1981.  Existing  data  from  small-scale  experiments  (Harms,  1979) 
indicate  that  the  transmission  curve  for  D/d  ■  0.22  does  not  change  signifi¬ 
cantly  as  the  water  depth  increases.  For  deepwater  applications  with  D/d 
less  than  0.2,  it  is  therefore  suggested  that  the  D/d  *  0.22  curve  be  used  for 
design  purposes,  at  least  until  further  data  become  available.  In  addition, 
curves  should  not  be  extrapolated  beyond  the  range  of  data  shown  (i .e . , 
L/B  >  4.5  and  3.0). 

b.  PT-2  Breakwater .  Wave  transmission  data  for  the  PT-2  module  (con¬ 
structed  of  automobile  tires  and  telephone  poles)  are  shown  in  Figures  37  and 
38,  with  design  curves  given  in  Figure  39.  The  behavior  of  the  PT-2  module  is 
very  similar  to  that  of  the  PT-1  module,  although  a  decrease  in  wave  attenua¬ 
tion  performance  is  indicated,  at  least  at  the  larger  water  depths  considered 
in  Figure  40.  It  was  observed  that  the  Influence  of  wave  steepness  H/L  is 
again  particularly  apparent  at  the  lower  water  depth  (D/d  -  0.33,  Fig.  38)  and 
large  values  of  L/B.  The  actual  H/L  values  associated  with  each  data  point 
are  given  in  the  appendixes.  Again,  curves  should  not  be  extrapolated  beyond 
the  range  of  the  data  shown  (i.e.,  L/B  >  4.5  and  3.0). 


D/d  *  O.I4 


8  +  ♦  + 

.4_J— ^-4-:-* 


r  * 


(H/L) .0' 

♦  0.6  lo  1.9 
o  20  to  60 
X  6.0  lo  11.2 


PT-2,  MS-3 

i  i  i  i  i 


Relative  Wavelength  (L/B) 


Figure  37 .  Wave  transmission  data  for  PT-2  breakwater 
(d  -  4.7  m). 
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Figure  40.  Comparison  of  PT-1  and  PT-2  wave 
attenuation  (d  *  4.7  m) . 


c.  Goodyear  Breakwater .  Giles  and  Sorensen  (1978)  obtained  prototype- 
scale  wave  transmission  data  for  the  Goodyear  floating  tire  breakwater  using 
the  large  wave  tank  at  CERC.  Data  for  the  6-module-wide  Goodyear  breakwater 
are  plotted  in  Figures  41  and  42,  along  with  the  wave  transmission  curve  for 
the  PT-2  module.  Both  breakwaters  are  constructed  from  automobile  tires  and 
have  a  beam  of  12.2  meters  which  is  equivalent  to  B/D  -  18.5.  For  the  lower 
water  depth  case  considered  in  Figure  42,  it  is  evident  that  the  PT-2  break¬ 
water  is  substantially  more  effective  than  a  Goodyear  breakwater  of  equal 
size.  At  the  larger  water  depth  considered  in  Figure  41,  the  PT-2  breakwater 
is  still  superior  but  not  as  much  so  as  at  the  lower  water  depth. 

From  extensive  small-scale  experiments  by  Harms  (1979a,  1979b),  the 

influence  of  water  depth  is  found  not  to  be  of  practical  importance  for  the 
Goodyear  breakwater,  at  least  for  values  of  D/d  less  than  0.4,  although 
C{.  clearly  decreases  as  D/d  increases.  How  significant  the  influence  of 
D/d  is  for  the  full-scale  Goodyear  breakwater  (Figs.  41  and  42)  is  shown  in 
Figure  43  where  the  data  for  D/d  *  0.16  and  0.33  may  be  compared  while  keep¬ 
ing  L/B,  H/L,  and  B/d  constant;  the  difference  in  Ct  is  typically  less 
than  0.1  (the  Ct  values  near  L/B  *  2  are  probably  false).  Small-scale  and 
prototype-scale  data  are  therefore  in  agreement  and  the  single  Goodyear  wave 
transmission  curve  of  Figure  44  (Harms,  1979a)  may  be  used  for  most  practical 
applications  as  long  as  D/d  does  not  exceed  0.4;  near  D/d  -  0.4  the  design 
curve  will  be  somewhat  more  conservative  than  at  lower  values  of  D/d. 


The  performance  of  the  PT-1  module  is  compared  to  that  of  a  Goodyear 
breakwater  of  equal  size  in  Figure  44.  It  is  apparent  that  the  PT-Breakwater 
provides  substantially  more  wave  protection  than  the  Goodyear  breakwater.  It 
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should  be  noted  that  the  Goodyear  design  curve  in  Figure  44  is  independent  of 
B/D,  having  been  tested  over  a  broad  range  of  B/D  during  experiments  at 
the  Canada  Centre  for  Inland  Waters  (CCIW)  (Harms,  1979a,  1979b).  A  similar 
series  of  experiments  for  the  PT-Breakwater  was  scheduled  at  CCIW  in  September 
1980  (see  Harms,  Bishop,  and  Westerink,  1981  for  results). 


Mooring-Force  Data. 


a.  PT-1  Breakwater.  This  breakwater  was  tested  most  extensively  in 
the  MS-1  mooring  configuration  (i.e.,  with  a  six-tire  mooring-force  damper 
installed) .  It  was  also  tested  with  the  MS-2  and  MS-3  mooring  systems  at  the 
deepest  water  depth  of  4.7  meters.  As  is  explained  in  Section  III,  the  MS-2 
mooring  configuration  is  the  "stiffest"  system  tested  and  the  MS-1  is  the  most 
elastic  or  “softest"  system  tested  with  the  elastic  properties  of  the  MS-3 
system  lying  somewhere  between  them. 


The  peak  mooring  force  is  plotted  in  Figures  45  and  46  as  a  function  of 
wave  height  for  the  case  of  MS-1  and  two  water  levels.  D/d  *  0.51  and  0.22. 
An  exponential  relationship  between  the  mooring  force  and  the  wave  height  can 
be  detected  in  the  data,  even  though  this  information  is  masked  at  times  by 
the  relatively  large  scatter  of  data  (even  at  fixed  L/B)  that  is  common  in 
this  type  of  measurement.  The  best  “by  eye"  fit  has  been  drawn  and  indicates 
that  at  both  water  levels  F  is  proportional  to  H3/2.  For  a  given  wave 
height  and  wavelength,  the  peak  mooring  forces  are  clearly  higher  at  the  lower 
water  level.  This  is  shown  in  Table  4  where  the  value  of  the  force  coeffi¬ 
cient  K  is  listed  and  defined.  The  influence  of  L/B  is  difficult  to  quan¬ 
tify  from  the  data:  an  Increase  of  F  with  L/B  appears  to  be  indicated, 
particularly  at  D/d  ■  0.51,  but  additional  tests  would  have  to  be  made  to 
define  this  relationship. 


Inciflent  wove  Height  H  (m) 


Figure  45.  PT-1  peak  mooring-force  data  (MS-1,  d  ■  2.0  m) 
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Table  4.  Summary  of  mooring-force  data.1 


Mooring  |  Force  coefficient,  K 

PT-1  PT-2  Goodyear 


0.14 

0.33 

0.202 

2 

0.33 

0.27 

0.44 

Goodyear 


lFor  design  purposes,  suggest  that  F  be  Increased 
by  100  kilograms  per  meter. 

2 Estimated  values. 

jData  not  available. 


How  the  mooring-system  elasticity  affects  the  peak  mooring  force  is  shown 
in  Figures  46,  47,  and  48.  In  each  case  the  water  level  is  fixed  and  only  the 
mooring-line  flexibility  is  changed.  A  substantial  Increase  in  F  is  noted 
when  the  six-tire  mooring-force  damper  is  removed  and  replaced  with  a  rela¬ 
tively  inflexible  section  of  conveyor  belt  (i.e.,  switching  from  the  MS-1  to 
the  MS-2  system) .  This  is  apparent  in  Figure  47  where  the  MS-2  data  are  shown 

with  relation  to  the  MS-1  curve  from  Figure  46;  all  the  data  are  above  the 

MS-1  curve  with  much  of  the  data  far  above  it.  The  MS-3  data  and  curve- 
through  data  are  shown  in  Figure  48.  This  system  results  in  forces  that  are 
somewhat  higher  than  those  for  the  MS-1  system  but  lower  than  those  for  the 
MS-2  system.  The  corresponding  values  of  K  are  provided  in  Table  4. 

b.  PT-2  Breakwater.  The  PT-2  module  was  tested  only  in  the  MS-3  mooring 
configuration;  test  results  are  shown  in  Figures  49  and  50.  Again  as  for  PT- 

1,  the  force  is  proportional  to  Hn,  but  for  PT-2  the  appropriate  exponent  is 

2,  not  3/2  as  it  is  for  PT-1.  The  curves  for  n  -  2,  fitted  by  eye,  are  shown 

in  Figures  49  and  50;  the  corresponding  values  of  K  are  listed  in  Table  4. 

Although  PT-2  was  tested  with  the  MS-3,  and  not  the  preferred  MS-1  mooring 

system,  the  effect  of  a  change  from  MS-3  to  MS-1  may  be  estimated  by  assuming 
that  the  ratio  of  the  respective  forces  is  the  same  as  for  the  PT-1  module 
(for  which  such  data  exist  and  are  conveniently  summarized  in  Table  4).  For 
PT-1  it  is  noted 

K(MS-l)  _  280  _  A  ,, 

K(MS-3)  370  °*76 

Assuming  that  this  ratio  holds  for  the  PT-2  module  as  well,  the  estimated  MS-1 
values,  shown  in  Table  4,  are  obtained.  Although  the  peak  mooring  forces  for 
the  PT-1  module  are  higher  than  those  for  the  PT-2  module  for  the  same  wave 
height  and  water  depth,  it  should  be  noted  that  the  transmitted  wave  is  also 
smaller  in  the  case  of  the  PT-1  module. 


Incident  Wave  Height  H  (m> 

Figure  47.  Effect  of  mooring-system  compliance  on  F 
(MS-1  and  MS-2,  d  -  4.7  m) . 


Figure  52.  Goodyear  peak  mooring-force  data 

(Gile8  and  Sorensen,  1978;  d  ■  4.0  i). 


For  a  given  wave  height  and  length,  the  mooring  forces  on  the  Goodyear 
breakwater  are  clearly  much  lower  than  those  for  a  PT-Breakwater  of  equal 
size.  This  finding  is  attributed  principally  to  three  factors,  the  relative 
Importance  of  which  cannot  be  quantified  at  this  time: 

(1)  The  transmitted  wave  for  the  PT-Breakwater  is  smaller  than 
that  for  the  Goodyear  breakwater;  l.e.,  different  levels  of  energy 
dissipation  occur  on  each  structure  (wave  breaking  and  impact,  etc.). 

(2)  Different  mooring  systems  were  utilized.  The  importance  of 
this  has  already  been  demonstrated  with  regard  to  the  PT-1  breakwater 
(see  Table  4). 

(3)  The  Goodyear  breakwater  design  stretches  extensively  under 
load,  being  very  pliable  throughout.  This  Influences  or  perhaps  even 
dominates  the  mooring  dynamics  and  load  transmission  characteristics. 

VI.  SUMMARY  AMD  CONCLUSIONS 

Two  prototype-scale  PT-Breakwaters  were  tested  in  CERC's  large  wave  tank 
using  regular  waves:  the  PT-1  module,  constructed  of  truck  tires  and  steel 
pipes  in  waves  up  to  1*8  meters  high,  and  the  smaller  PT-2  module,  constructed 
from  automobile  tires  and  telephone  poles  in  waves  up  to  1 .5  meters  high. 
Have  transmission  and  mooring-load  characteristics  were  established  based  on 
data  from  402  separate  runs  in  which  incident  and  transmitted  wave  heights 
were  recorded,  along  with  tension  in  the  seaward  mooring  line. 

In  the  course  of  the  investigation,  it  became  increasingly  evident  (during 
construction,  crane  operations,  and  early  experiments)  that  the  PT-1  break¬ 
water  was  more  rugged  and  could  potentially  function  and  survive  under  more 
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severe  wave  conditions  than  those  normally  considered  acceptable  for  floating 
tire  breakwaters.  For  this  reason,  the  PT-1  module  was  emphasized  in  the  test 
program.  Although  structural  failures  were  not  experienced  on  either  the  PT-1 
or  the  PT-2  breakwaters  throughout  the  many  weeks  of  testing,  and  posttest 
inspections  did  not  reveal  areas  of  imminent  failure  or  excessive  wear,  it 
became  clear  that  the  PT-2  module  was  inherently  more  pliable  than  the  PT-1 

module  because  it  was  composed  of  automobile  tires,  not  truck  tires.  Conse¬ 

quently,  as  waves  broke  over  the  structure,  greater  compression  and  displace¬ 
ment  of  leading-edge  tires  occurred  on  the  PT-2  module  than  was  true  for  the 
PT-1  module  under  the  same  conditions.  Although  PT-Breakwaters  were  designed 
to  be  pliable,  with  relative  motion  between  individual  components,  under 
severe  wave-induced  loads,  the  observed  compression  of  leading-edge  tires 
on  the  PT-2  module  is  felt  to  be  excessive  for  continuous  operation.  It  is 
therefore  suggested  that  the  PT-2  breakwater  be  limited  to  sites  with  signifi¬ 
cant  wave  heights  of  less  than  0.9  meter;  this  condition  is  considered  to  be 
equally  appropriate  for  Goodyear  or  Wave-Maze  floating  tire  breakwaters  that 
are  composed  of  automobile  tires  as  well.  The  value  of  0.9  meter  was  chosen 
by  the  researchers  as  representing  the  best,  though  inherently  somewhat  sub¬ 
jective,  estimate  for  the  maximum  acceptable  significant  wave  height;  it  is 

based  on  extensive  laboratory  observations  and  experience  with  a  variety 
of  field  Installations.  The  above  rule  is  considered  to  be  of  practical 
importance  because  it  reminds  the  designer  that  the  environment  is  hostile 
and  that  PT-Breakwaters  constructed  from  automobile  tires  are  inherently  less 
rugged  than  those  composed  of  truck  tires;  both  have  survival  limitations. 

The  wave  attenuation  performance  of  PT-Breakwaters  Improves  as  either 
wavelength  or  water  depth  decreases,  or  the  wave  steepness  increases  (i.e., 
CL  increases  with  L/B  and  decreases  with  D/d  or  H/L).  The  shelter 
afforded  by  a  particular  PT-Breakwater  is  strongly  dependent  on  the  incident 
wavelength:  substantial  protection  is  provided  from  waves  that  are  shorter 

than  the  width  of  the  breakwater  (i.e,  L  <  B) ,  but  very  little  from  waves 
longer  than  three  B.  As  the  water  depth  decreases,  the  wave  attenuation 
performance  improves;  a  breakwater  that  provides  inadequate  shelter  at  high 
tide  may  therefore  be  satisfactory  at  low  tide.  Wave  attenuation  generally 
improves  with  Increasing  wave  steepness,  especially  for  relatively  long  waves 
in  shallow  water  (e.g.,  L  >  3B  and  d  <  3D).  This  behavior  is  attributed 
principally  to  the  inherent  instability  of  waves,  which  increases  with  wave 
steep-ess  and,  for  waves  near  the  breaking  limit,  is  so  great  that  only  a 
small  perturbation  is  required  to  "trigger'*  the  breaking  process.  For  steep 
waves,  breaking  was  observed  to  start  just  seaward  of  tne  breakwater  with 
large  amounts  of  energy  being  dissipated  as  the  wave  rolled  and  surged  over 
the  breakwater.  The  wave  attenuation  performance  of  the  PT-1  module  was  found 
to  be  superior  to  that  of  the  PT-2  module  and  the  Goodyear  breakwater.  For 
L/B  ■  1  (and  deep  water  with  d  >  3D  and  H/L  *  0.04),  for  example,  the  wave 
height  transmission  ratio  was  approximately  Ct  ■  0.6,  0.4  and  0.2  for  the 
Goodyear,  PT-2,  and  PT-1  breakwaters,  respectively.  Wave  transmit jion  curves 
given  in  this  report  should  not  be  used  to  design  breakwaters  that  are  less 
than  9  meters  wide  or  more  than  15  meters  wide  (see  Harms,  Bishop,  and 
Westerink,  1981  for  further  data). 

For  a  given  breakwater,  the  peak  mooring  force,  F  (on  the  seaward  moor¬ 
ing  line,  per  unit  length  of  breakwater)  was  found  to  depend  primarily  on  the 
wave  height,  H,  and  water  depth,  d,  with  wavelength,  L,  apparently  only 
of  secondary  Importance.  For  the  conditions  investigated,  F  Increases 


approximately  with  the  square  of  the  wave  height;  more  specifically,  F  «  Hn 
where  n  *  1.5,  2  and  2  for  the  PT-1,  PT-2,  and  Goodyear  breakwaters,  respec¬ 
tively.  For  design  purposes,  and  until  the  results  from  ongoing  experiments 
become  available,  it  is  suggested  that  the  following  formula  be  used  to  cal¬ 
culate  anchor  requirements  for  breakwaters  that  range  in  width  from  9  to  15 
meters: 

F  =  100(1  +  10  KHn)  (6) 

where 

H  =  wave  height  (meters) 

F  *  restraining  force  (kilograms  per  meter)  to  be  provided  by  the 
anchor  system  for  each  meter  of  breakwater  length 

n  *  3/2  for  the  PT-1  breakwater  or  2  for  the  PT-2  and  Goodyear 

breakwaters 

K  =  force  coefficient  from  Table  4. 

The  available  small-scale  and  prototype-scale  data  have  recently  been 
synthesized  into  detailed  design  curves  (Harms,  Bishop,  and  Westerink, 
1981).  In  order  to  be  conservative,  mooring  loads  should  be  determined  from 
these  design  curves  as  well  as  equation  (6) ,  and  the  larger  value  chosen  for 
design  purposes. 
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Table  A-l.  PT-1  breakwater  with  MS-1  (d  -  4.7  m) 
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O  . .  •  . . ♦••••••••••••♦••••*•  I  ••••••••••••••••  • 


t  r-  r-  c.rjh-Mfvff  ff>uifOK)rir.*o«oorjooM  «<*)N4)ir-oiorj(r'  u  O't^ K»r-  r-*inf,K>K>cga>f-'<g‘  '-♦t'trOujO' 
^7  ooa  cT'ODOtC'D^r  f^rntfunmuio’  •*  rooicgc-* rgojo  O'OHHcnoO'U  vt  vu  ,4,  so  a>u  i  4  ?  4 <\j«\igoq<  •rtva.'co cr v/i 


O'O  si»u<*'>0‘<x>'ur-OK)f'  r^cj'iiooOK)a)»-i>o  4 h-  gDf~tr'-a>K>uio  vOrgo  r  04  u>  4  roc.#*-  c>oki  4  100*10  g»cgc\K*ro 

CiricJ4  cr>^>rNi^vi>vuuir')U>tf)iri<  oxt- ^r-ing.<o r»>»-« i^hcuio c  „r-  ^(\jaarooNil>* 

vu44)o>oo®oooohh  *-«*-«  ri(vi(MK>^  1  m<r>  ao  a>®>  a,  a>«o(r  c*oc»ofO*o«Otf  r->r"  ®r^ 


dlJMrrgr4|OOs^Nr4hHMC4«AvO'i)0'tA'A4>(MrN*r)iOlOin<DMin<r«  HCO'>')in^r*>v£#Nf\jh'h-r<.a>siJ(C(0iO4 
4a)COH9*  JrNoO'fi«0«c0ff'0'HHWMK)4\0^KOHl0r')NMr  HOin^r4M«^h-0«nK)^0 


-«cgcgcgfg<\iroK>ro 


4  tf)(V4Wllth'Hin  vDr^HTNCtxvUW-lfMr^  vflaj  ^f-i^fsjO'K)  in  ro  CO  CJh'iO  cur-  4 IO  O' Cl  4  K.fMOCH4  0'H>l)rO(Mr<jCi 
00 odocjs/>vX> tr »K>  4-  r*' in  rg  »-«•** r-«  hhOi  •or»»i^O'Mv  4  in  4  4  CNjc\)Cgc\i»-<fg»-»*-i«-«*-«.-iO*co  4  iniomcgctiKicg 


^  in  (Tirr-' o-  *  icjimcj  rvm  t  inifiN  4  4  outioh- nnr  (oo«oinoairMcufl'NOriiMin(rh-4  Nq^ioct  «-ccMoom(r 
J  ^  1  »n^<Mna)aif\j(\jv/)ir  o*  error-  r-  in  o r"»o oirirnm  inmt/tcoor  «*>»-«  4  u  a>a'»oK)inof>r-totioiONciHin(Mr>ioin 


iniOh4ir4'O0'rOrO«dNMlOlOMOf9H4hb«flh«:r»OIMA«Ob‘aO4MQi44l(O«AlO<Q<r'<IO^Ha«4HH<M 
a”  w»  ooouo>Mnii44^ojcg4a'aioc\ooa'«H4*nin«H«-4f^®insaoin4-co^^r^»ii»oin4^4  oo»04OMifMr-M<i4CN*cMa) 


inrgor-nnvO<MovU4r-iaroco*-<K>corr»r-r^r*-04»-«‘tt*-44ffN4 ♦4vX)coootn4ocovca'K>'i>0'croor-»o^unoiMn 
u.  m  oH(grtop*M|vN\i»(jjHaHHOHiO«Oifl«io40H^4rtK«og)ioc>o'0M^if»*oiftHi04g>conio#cy|«»»ioo 
J  NWMWMHHHHHHHHHHHHHNMNniOrtrtWfOWWNMMNHMHHHHHHHrtlOIOIOWNNHHHn 

O  •••••  •••  •••»•••••  ••  M  •  f  . •  •  •  •  •  *4* 

■  «ow«io^N^4HH»4K)HHHino4a»4ointn®inr*HWco^K>hh«nMnh»fliOH4Hoioc64NH»OHin 
ISO*  M  p4HHCt*-h'Atf>4  4|»HMN>r)HHCl'Av0«HO(0«0«nvANI,HhOh>in4in'0l0l0|r)f0K)r0HI0O^(04HHin 
M  HrMH  HHf4NCJHHrlHr«HH  *-4  (MHH 


■  0  «  « 

w  s_/ 

.O  O  Q  Q  B  a  N 
vO  vO  eg  m  eg  o  eg 
4  h  eg  n  o  n  n 

O  *4 


J*  lOMcgiMngioi^vo#  HOK)ooHiocoK)^h-«ifliH®HHff'<r4»‘'Oin«in40cogjo'K)'00'ff»a'oc'hHino(rn 

•  M  HHtHIO«'4l«)rtlOOHht*Ob.«rilOa'0'Ob‘M<»>,>innntlOrtOtlOW«tMOO 

<M  C'|(MCJN<MHOf4HHHHHHHHHHWNN|l)niOWK)WlONWNWHH<'»HHHHHHrMI'>niON<'MMHHHr4 


t  ■  4O4444ONM(VJCJ«g)\04  4<#N44O4a0g)M>Clv0a)IMo4gio4g)giv04JOC)44Og)«44M4  4  4l(M 

"  £  ol^g^gCMmiO*  44110104  444  4  4  K)~g  «-*•"«  eg  CM  CM  04  to  4-  4  4  *04f^4ivl>«0i0ini0  4  min  4  4  4  4  4*O«0  4)4141 0041 


„  §§S! 

o&mhSi}! 


:  i  5 
fiji* 

fllil  ! 

nisi  I! 


m  I  0^4«(M«44U)  00^)4  4  <gM(M4(MN94O4  4«0M44OOO«4«DMO>04  4  40««N(M«  4  OO 

u  aco  (T coocogir-r-cD ^imin*n 44-r0fgrg-gc40i4'4' 4^«cjoo«=(7vOh-r-f^xi)4>NiMn474 4#<MO«ooN®®conr- 
w  H  HHHrlH  H*4H  H  H  HH  HH  H 


on  inomatfitf *nm©i*c?o tfHnif >oo©*o ©r-»orgvoo ipminoo ooroi/ioro in K,inV>® c*»ocM»ociK)rtKiK)wi 
SO  4>  e-*CJ  IO  mo  o^)  O  O  O  mo  o  «H  lA  >0  «0  ao  COO  O  «-*M  *o  IO  K  «Q  O  4  m  tf' O  *  ITIO  do  IM  O  ao  O  O  M  loo  o  4  O' to  co 
.#  •  •  «  #.M  *4  •  •  *•*•>#  •  «4‘*  t  •  *4  •  f  •  *4  •  r  r  M  «  »«-*'•  4  <4‘»  *4  • 

Csl<MM*0f0*0l'i»04  44«0mi0»n4>4)r-fg<4M0|C4*oKi*0*0l0*0K  *04  44  44lOMltf»4>4)4ir-*0f0*0»0444  4mlO 


irit)bib(Hibiuitf<biir*uM  bunvibibiuwiviiMnbiKHnHiuitfMnbiu'UiinvibiinvibtbitfiMtb'iouMnviMtbMnnbiintn 

4)  -U  vi)v04) vO nO  \U4  >(K0gig)4gKO4g)«O44444g)4gi4\ONOg)4444vO'O44vO44g)4,O4444givO44 

4  4  444  4444  444444444  44 4 4 4 4 4 4 4 4 4 4 44 4 4 4 4 4 4 4  44444444444444 


8H  pt^HHHHHHHHHHHHHHH444lO4lO444«0«Ag>44g)4gt4  til  VP  VO  d)4vflvA  HHHHHHHhHH 

^  tii  'Uviiujxx>\x»gi  \TM>4)»n  gi'ii'O ^ 'T'ii  til  h- **“***•  r~r-r- *•“*■*•  r^r*.r>»  r-r-r*-r«.  r-r^-r^  o' <r  on  imt  imt*  ff\ O' tr 
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Table  A-l.  PT-1  breakwater  with  MS-1  (d  «  4.7  m). — Continued 


Table  A-2.  PT-1  breakwater  with  MS-1  (d  -  2.0  ■) 


P  ,MHOaai»eaMaarlHHHrtHrfHNHsaMNNNN><HMHHrtONNNNNNHHHHnNK. 

Q  •  •  .  •  4  •'••*••••••••••••••••••••••••••••••  ............ 


& 

c3 


*> ♦»>»>  *  *>  t-wm m om o «o<r  •■*  *  <a o> »- *  *  cnjo"  «mio <r «av> «oa>  *  omm- <r  w *  a>  «»>  »>  • »-  *■  «♦  *« 

»•♦••••  «••.••»  . . . . . 


H<tt'OineoMaQheBngiiinaoiii.nNiniriaHAi<)in«n«tiiingia)iM>a)Noe^a«<««na>i 

MiMOMiflS'liM>taeinn^nn*inM«.a'(MHaeNarM>n<tMiiMMisoMnin(MHeinNHnin« 

MM . . . . . 


h)o(>Br*i'iin^i>a>HinsN.-i)»eHi'iiAM'MiiMh>««ar«'iinK»HiA<D«iuHn«itsa«o>MNn 
rlHHnHriHMIMMIlt  rlrlHrtrtlNMM  rlrlnnnHNNN  nroIrtrlitlNNNrtrlH 


j  «n<4<>N«H4.«*<Mi4*rio««n>iinh*4rii'«Ktt«iiw-unr-uior'.ino«ina'i<iMioi4i«ii 
■  Nflld.lONWHHrlrt  0(>llllt.WMHHrtrt  hh'a'tinnK>(\|HMH  4>l)i..lONNNH<'<<t'il. 


♦♦nmo  fnoinit|ih  rtr»  <r  »  •monvtaeinadiraftw  ««o«  *  owi'itiHn.ur«>«Mn«»M>(iM 

,  o  ..#...  ........... 

“  J  i>aHN«  4tfoi>iiqiflain»rO'.N4i.aai<tiAainrariN*'.ci>uKiinoinHiMn<a<ooiOii>o<nmit<( 
HHrMH>4NNN(linnn  HHHnHHIMNIMlOlO  rlHHHHHN<4NlOnHHHr.rt(MNNnHHHH 


«nn..ir«r  **t>W«)*#*  •~t«oa,a><n  *  I'-Wr~  wvoc\j*or>(\i*  a-  tfo»  r-f->  -Iin  jjnomnionHCrt 

d>«t'tM*i«i<in<<wifn«n«inc«eBii)aH«n(ManaiD.^o*o>a<<iNriRi>M>C'<M)'.Ki>w. 
n  HHHHHHHH  h  HHIMNHHHHriHH  HNNNNHHhH^NNN 


o  ................................................... 

*  HHrt  HMNNNHHMHhH  NNNNNNMHHHnNn 


,  k.  'x  .  <7>  <no»o«i«-«ino>noinir>oi-N**f\iN*».-i«e>i»>oir>oj.«*  r- tocoocoor.™-.  *>o 

9  m«*nnN«  -*  •*•«!*>««»(»«  itNnSpt'inaMini'i  o.Noof-nf-mncnN. 

5  H  HHftH  HHH 


•!  HOH*ioan4««Nrr«a>4«a«H<tH4i*aNainH<iNoouH»ljt'<<iiir««<**H«onrir 
J.  Hurt  Hrtrtrtrtrtrtrtrtrt  rtNNNNrt'ilMHnrt  NNN<MMMrtrtrtrtMIM.i 


§§§sSia 
•  ••«••• 
N^NnONrt 
O  H  H 


b  8  vi«oov)Oinif>«coou«>io«oPo«ninoiopiHioio«eooinon«idho<n(Ocoio«oirvM>tf>tf^«>« 

w  hHH^hNmNNMN  hHHh^N(mMNNCM  HHHoiNWNNHHri 


oinPOflO«>')inKioinoirHnrtinao«ir>iflK)eninoe0O«oiAtoovoiiiv>c.NOiooo<n«innin« 
MO'tfrt  1 1  pw'JNwmNNH^  vfl^  « ion  4  •o^irxnfoirN 


_  «WNWMOrWOwOIO0»OrtOOW<MCOOMO©HO|OOoNWOrM^h  OOC^NNC.  N^UOO»0»0«t 
>4  m  •f«OffM9^v'mm9otte40o<MtfiO'4^iniboa«0«oNino49«t»eoONtf)OfrtftoocHii^e 
C*  •  l.t  M  •*J  f  •  •  •  •  •„*  •  P  •  •  |  f  •  •  •••««*•  t  •  «  •  •  •  •  •  •  •  • 

MMfOtow h o  mmio kmoki «r  4-mmh*«)NNK)ioro# «- « w>mK«K)c .►> Crtio# 


vnninioiriiiHnintf *>«»*. 'mu  .«nwoooc» 
A  I  ooflPQ OuDk  oouooQqooooOoooooaooooot  t'Ooanff'O'V'^ribrr’^uoo 

Wf|NWNNNWMNNNNW«NNM«^NOlN(MNNNWWWWM<Vj<MNMNNH,^HH^'iHiyNMWW 


*  8  ?|!r!r!?l!SfJ!!l!SSrrfIJ'jri'?SrtT'r ££ c>rn«ONNN 
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le  Ac-2.  PT-1  breakwater  with  MS-1  (d  ■  2.0  m) . — Continued 


nnnnNn«iriNM«M<\jHni>tnnnnnNnNi>mNnnnnNNni«onnnnnKinnnioNMnn 


a^«Ar-<SKr>minio«c\eminio(w<eeB«eot>-h>K^i(ir-io«’««(o«)f>h>r*ii>M»o«»«>e«cB<or~in<cov« 


to^or*  r>#>  «m®«  Ntnmaocoioco  *  «iw>co  *>  *K*tno  *rto^f-n*mt>u^<*r*ov>  *  f-w>sioar-« 

•'>‘^.-■<1*  ti  COot-k'  «#*  •Oc1>fl«»VOK5.HV«COKICO*C'<OK)<»- 

*<rimn>or!Ki 


F)i'i<eeeHNNoeaa«'i«Mene><NHeraMe«\NMeea««Mioi(>««***4'nHn.)H 

^no*vc<sr-K7NHK)M^\£isveKoo»o>>-i^<K)r>inKa'  o'mj  «, 


HrlHHHHHHHIMNNNNHHHHHH>4H(llNMNNrtHHNNNNCtMHHH^NNNnNNNNNM 


N«o«niniM)  4<snaBHNHNtanMflHar«h.«NHr>iitHnNM»h'<gO{o>>Nsi>ni'«na 

..........  •  ....  9  .....  9  9  ...  9  t  ..  . 

mio«ni,)n«NNi'iWHHHi(iinin**rtK)K>nNN«»<*tKinNN«iH»>+*»«K«<)i,)NWNH«nfj 


♦'tf  >flKiKiir  *io.-<K>eoeoi'  ♦  W  •H*r-0'K»>  *  a>.-<in*-trrMCiiototf><'J<M<i'>ao»om  'CO. 


iiaaooorirtnifliPocfindNstiaHioiAaeNtawMMeNfenNnioiKta 
HHHMNNMNNiMNnionriHH^MMNNNMnKinNNNNNnnKiNNNNNuMNhnnnnKtn 


k.  «•  #^r-<ti~aniiniMruiMO'MHHiiH«vOHa<iit!<gi'hNr>io*He».HHiMn«^H'40H4cn 
J  iMNNW<MMnHHNiMHiMwNnnnMnNNnMNiVHMiMNN«(MniMni<inNiMiMnNnmnNiM*K) 


CM  -5  •r.'»<0»»>«k<M«M<O>«<r««  J>rtlO*<«llOf'OlOIOMICS^«lO»“»«>IMOI(>0'«-B>KB» 

k  w  ™+  *«'>o»oin  -<of--  *ifiOM>a>or.«r-«»o<cMrMin*'Kiroior^  «no.-<(7'  «~og> 

M  iwnri(\innHMNnfy<VHn«f7nn«r)i«nNiwiw«nnnnNnNnnnhnnnnKiniO(givi*n 

O  •'•••♦»••••*.»#•••  •  -•  •  •  ,»■•  ...f 

,fc  h  <MMNonoii>«in>>OMf-«<*«in*eoeiaeh-(>rnin*>acihoHiiiHrtNHooNaNHHkK*ni 

*  HHHHHH  h  HhHHHHH  h  h  h  hh  hhhhhhH  hHh  HH 


M  N#OrtO'C  N«Ont«V»rtiftHOh4WO^'jOHtnHnotWH®rnninK tnpHr««A«t«ANOa> 
j  wioiow^iowHMMMNWHfitwiointinwiONiniowtiortwwwiocMnioiopjhrtwnwnioNwtw 


iifiii*  -1 

n  hn«  o  N  n 


«  <  inuMA^hMoiot  4  •«  V  #min<Mhh>cVinin^Kh«t  «tn«MoloiA^hNaiDhfl) 


wQewwjcw-jMuc.wiur  ^'KimioiniOKwmK>K)|nioiOioiOi>HOlouowauubcc«uuucM<«i 
OeeOOCiOOrOuoronrtObOOieeee  »faC>OeOOCOC  HHHHHHHHHHHHH(h» 


»»OKMf l| 


Table  A-3.  PT-1  breakwater  with  MS-2  (d  *  4.7  m) 


8)moxc  f-nui  <r  ♦wto^'oxo’4  ®  >x  in  <r  «■*•"*  *n  »o  «  ®  r»  m*fW' ♦  •  ®os®  «£v0  *Dir>».-«o*-'f-r-sat,''{\iiocsjcyo“><r'®® 


r»o*o«-«r-  (Nn»<Mo#9>eoib*i(Mh^Mr>noCwiM«O9kO0'ao^e*«No«0««or^«ec(r«A(uNe^KOfOOv#f^ri>«t»9) 
*iof>.»ioM^ft»«or®o^®9\Nir«<fltf'^o«nn<o«iflo^or>-o)»>.ioooa)'«oioNo»fc«^*«<«a*io««»>»powH«*inoior 

»M«wfOtn  m««^(Mh®off'c»<fl®®9'ffi'ff‘off'inf,,*NNo  00091  m^.aoov'thor^-o^ov^  avNt£Kr»9sa)iMh^iMMaiMh 


r-  «*or**ac.  □''Off'  K)»Oin>fi  *£*®  9v%£®’O^>«’®m<V0'  ««(0 K> tf>  «-  «£>®  fOlO^wb »*♦  «’tf)ir>V'<r^<^^inr»'A*0 
®  o««-mv  ♦  t»  n®  O'  cv«-k  o  iono^  *ao*v*^  f*-o  *■»>«  »» e*  o*o  r-o  w.  «09N<M«or»oK>  «Off)  nc  loift  r»omngbinK)NihN 

^•^^^cmcmIMiopo^i  fo  ■«•  hmm  cm<m*o«^  »^>*o  ♦  •*  CiKxcMri^jOK^  ♦  cycvjwp'jiopok**-  <vcMfOiO*o^i4r  tvtecw  c\»*7*>*o»o»  tntonn  •■ 


mo«-NiniOiVlh#-4(hSP*vOOlb«^Cb«^Ott«MlOff)lOiOlh<VOff)f«V)iO««A^99>NMOVf»|0(S(0«Ov*o»ACIM9)#«'nottVt 


U  ’«- (V  fv****«~>~*  K-miv 


K>K)N«— "»«lr 


^  ir^cc^ogpoc-  cr  »or^CQc^  rt<ioc»fi<Min©<^i*no  ®r'-cgr--*©cwo->  r~^<n®org.-*(r'r-«\j®<\i-*<Mr,o*in<r'r‘-  #0^0^^ 

»Jr  o<VPO»n®-*in.r*'Op-c»»  ®-*x.-itno’'»nf*-o-»,®-»**in<r»»of-o«r®~*Pcr‘»o®o^®«*flr*»oh-e.*-®**ino*c,»,’>f.®©»»*oe  ^ec»* 
■»  ir*~cy<\j<\jK>pn*'  «-*'if»rw<v^r>»o<r<r  ♦ir>«\.rg»r»»o*'^  «r  ♦«*  rwojw^fOKj *•■»♦♦  m^er  m 


"  ^  ,|'>SC4I,  —  «-»'0<.>®  W>n  r- cw  if)  cc  *>iv  +  -HNNCNd-a  O«r9>vf>®«'<0 

jy  O'  «  MC.lMb)ihlbXinc>0)w'4r>Vtf(MM7r«in«»a)<M^‘'O7'«<Kr,CiM0) 

C  •«—  ^  KicwtNi cwKifO  cw»-»r)^io<r  *>*o  pOcxcocj  »n  «-ojki  «-cv»o 


<7»<\mm<m®-*- «iri«-oeo  <r  ^®<rm  ®« r»~.oefM«-oiva-“*®ir<— <r  O'r*-*^  «* (r * ctn a* <vj «o »r a-  ~f»  O' cr«  •*■*-«  crvo^rjoif--* 
to*  ••  rs»A_si  i: \f>T- a;  «‘>»'3V «c » w^c* ->c  ^ncid-n ip— **>»*•> off' «o cm in .r»n«- it *r>o *-•<-» onr,'f)*r>*o 


‘2  Zii.Z'-ZZ 


^ o »■> i'«  -w-.  -.-.vT  a  \0  -« «■  »■'  ~*r^  -<  wO  wcr  *•■)  i  vCr-  -*«■  >r  <£••»  ^iptr  »■•'■’  u‘  o*«c-<v*.  x}*«-*o.2*©c.c»* 

,*.  oc*'*‘*»W (wcm*-*  fsirjom  c-ir^f^^r  »f\t  ♦»£»**>*»*♦  intf  f<Mf\»’r'r<-«*Otf  •  jn  c\*r-  cr  -r  x:  *  inrvr-ir.® ^c.  c.<r>c.  XJ 

-'•x  ~  — «*  -i 


■  o  a  m 

w  VX  \A  ^ 


,  *n  ®r ih(b«*^H9«OQM(h  ^rv«*<Aioo'MioO'<b^>o(b*4)^tnNhiM 

M  (mx  xxa  ^'Oir.jN  u  —  *n a-  ^0'»a  ^B'NMhc>0»«"<Moo«,«>»»0irt»*i0tf>»*e«*iMNNOr»0'i»>w^(0»c*in^*''^'0Nff'\fl®rt 
*  IM>«(M(V(M(M (»*•«  — «■  1**  *  wi«*(M«<Mc#tni'/(MWp»**€  *OK.* 


«0«Mf)NOPI  B  ■ 

•  *•••••  9  U 

9  HMDOPin 

O  H  — * 


fc  *  o^^-r  <7  4 

_T.  ~-*<\j*  *•  < 


»\6»  s^m  No*hcf  cptMoef'JC  xo#xoOK)fMof"j)#(Mc*h)*,x*  #sxr#«(iXrMWXCc>*c<rca)<x^ 
«<rc  **■••*>»">  if>iT*  W<r  inif'**’  if»»  r»cXx'hr«'*)f,,rfc'i'f|i.*3'?'a'0'XAxNM-'X®X  **“fw 


a  I  •e0«ht9*9aN4'0totoe>Ar«NN\o«Ao«(M*#coNNc#«<«iA(O««,««9Cic«#oe«fw«4(Nia«9«A«)#4c 
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Table  A-4.  PT-1  breakwater  with  MS- 3  (d  *  4.7  m) 
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Table  A-6.  PT-2  breakwater  with  MS-3  (d  -  2.0  m) 
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PERKLORD  F  (KG/M) 

ISO. 00  225.00  300.00  375.00  450.00  525.00 


CERC. JUNE. 1979. PT-l  BREAKWATER .MOOR TNO  TYPE  L.  DEPTH  r  Z.OM. 


Figure  B-l.  Correlation  of  F  and  F  (MS-1,  d  -  2.0  m) . 
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CERC. JULY. 1979. PT-l  BREAKWATER  .MOOR FNG  TYPE  2.  OEPTH  =4.6 h. 
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Figure  B-3.  Correlation  of  F  and  F  (MS-2,  d  *  4.7  m) . 
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SIGNIFICANT  PEAKLOAD  FS  (KG/M) 
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Figure  B-6.  Correlation  of  F  and  Fg  (MS-1,  d  ■  4.7  m) 


CERC. JULY .197&. Pr-L  BREAKWATER .MOORTNO  TYPE  Z.  DEPTH  =  4.6M. 
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Figure  B-7.  Correlation  of  F  and  F_  (MS-2,  d  »  4.7  m) 
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